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We measure the mass, gap, and magnetic moment of a magnon in the ferromagnetic F = 1 spinor
Bose-Einstein condensate of 87Rb. We find an unusually heavy magnon mass of 1.038(2)stat(8)sys
times the atomic mass, as determined by interfering standing and running coherent magnon waves
within the dense and trapped condensed gas. This measurement is shifted significantly from the-
oretical estimates. The magnon energy gap of h × 2.5(1)stat(2)sys Hz and the effective magnetic
moment of −1.04(2)stat(8)µbare times the atomic magnetic moment are consistent with mean-field
predictions. The nonzero energy gap arises from magnetic dipole-dipole interactions.
Ultracold atomic systems provide access to simple,
many-body models of magnetism with a unique set of
experimental probes. Recent work has shown ordering
towards ferromagnetic [1] and antiferromagnetic [2, 3]
states at temperatures and coupling strengths many or-
ders of magnitude smaller than their solid-state equiv-
alents. Ultracold gases can realize magnetic and topo-
logical states that are otherwise difficult to access, such
as those involving superfluid magnetism with multiply
broken symmetries [4], highly symmetric SU(N) mag-
netism [5–7], and novel spin lattice models [8]. However,
a unique advantage of ultracold gases may lie in their
access to spin dynamics through real-time measurements
of the spin density and momentum distributions. In this
vein, experiments have already directly imaged a quench
through a quantum critical point [9], spin-mixing dynam-
ics [10, 11], and magnon bound states [12].
In this Letter, we characterize the magnetic excita-
tions of a spinor Bose-Einstein condensate, which is a
quantum degenerate gas of bosons with a spin degree of
freedom [4, 13, 14]. The dominant spin-dependent inter-
actions are spherically symmetric (s-wave), short-range
collisions that are invariant under a global rotation of
the spin. For a gas of 87Rb atoms in the F=1 hyperfine
ground state, as studied here, such interactions cause the
gas to be ferromagnetic at low magnetic fields, with the
magnetic stiffness deriving from the kinetic-energy cost
of spatial variations in the ferromagnetic superfluid or-
der parameter. Considering only contact interactions,
this ferromagnet should support gapless magnons with
an energy E(k) = ~2k2/2m∗ that varies quadratically
with wavevector k [15]. According to mean-field theory,
the magnon mass m∗ equals the atomic mass m [13, 14].
We present two main results. First, we demonstrate
a form of atom interferometry based on the coherent
propagation of magnons in an optically trapped spinor
Bose-Einstein condensate: a magnon contrast interfer-
ometer. Magnon waves are imprinted optically onto the
condensate, allowed to propagate, and then detected with
spin-dependent in situ imaging. If magnons are truly
gapless and quadratically dispersing with m∗ = m, then
it follows that they propagate within the volume of an
equilibrated trapped ferromagnetic condensate just as
free atoms without the harmonic confinement of the trap
[13, 14]. Our magnon contrast interferometer measures
the magnon recoil frequency E(k)/~ with a scheme sim-
ilar to the atom contrast interferometer introduced in
Ref. 16, but it operates at 30-100 times lower momen-
tum transfer and with an interaction-energy shift that is
at least 100 times smaller than the mean-field shift found
in its Bragg-interferometer counterpart.
Second, using contrast interferometry and other in situ
measurements of magnon dynamics, we characterize the
magnon’s basic properties: the excitation gap ∆, the dis-
persion relation E(k), and the magnetic moment µ∗. We
find two significant differences from the predictions of a
mean-field theory of s-wave interactions. First, similar to
solid-state examples, we find a density dependent gap in
the magnon spectrum caused by magnetic dipolar inter-
actions that, together with the anisotropy of our optical
trap, invalidate the assumption of continuous rotational
symmetry in our system. Second, the magnon mass is
measured to be 3.8% larger than the bare atomic mass,
a deviation that is much larger than that predicted by
beyond-mean-field (Beliaev) theory [17].
Our experiments begin with a 87Rb spinor Bose-
Einstein condensate of about 106 atoms held in an opti-
cal trap with trap frequencies ωx,y,z = 2pi×(4, 9, 300) Hz,
the strongest confinement being along the vertical z axis.
The atoms are initially polarized in the |F=1,mF=−1〉
hyperfine state, where the quantization axis, lying in the
plane of the prolate trap, is taken as that of the near-
uniform 115 mG magnetic field applied to the gas. Ferro-
magnetic ordering minimizes the free energy because the
spin-dependent interaction c
(1)
1 n0 = h× 5.4 Hz is greater
than twice the the quadratic Zeeman shift, q = h×0.9 Hz
at the peak density of n0 = 1.5 × 1014 cm−3[1, 13, 14].
The spin-dependent interaction c
(1)
1 = (4pi~2/3m)(a2 −
a0) arises from the lower collisional energy between po-
larized spins (quantified by the scattering length a2) than
spins in the singlet state (quantified by the scattering
length a0). We note that the presence of a non-zero,
uniform magnetic field introduces a trivial gap to the
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FIG. 1. Magnon dispersion relation measured with magnon contrast interferometry. (a) We initialize the system with a standing
wave of magnons, in which the magnetization vector is periodically tilted in space (top row). For small tilt angles θ, the magnon
density is proportional to the atomic density in the |mF = 0〉 hyperfine state, shown in images. Here, k = 2pi/(15.4 µm) and
the scalebar is 50 µm. (b) From this initial state, the spatial modulation in the magnon density (open black circles) oscillates
in time at frequency 2(ω(k) − ω(0)) (fit, solid red line). (c, bottom) The dispersion relation versus k. Least-squares fit of
the contrast oscillation frequency from single (filled black circles) or several values of θ (open blue squares) are corrected for
frequency shifts due to the finite magnon populations (such frequency shift is shown in the inset, along with a linear fit). The
fitted quadratic dispersion relation (red dashed line) lies below the free-atom dispersion relation (solid black line). (c, top)
Fractional deviation of data from the free-atom result. Data are fit to quadratic (k2) (red dashed line) and power law (kα)
models for α=2.04(1)stat (orange dot-dashed line). The error bars show 1σ statistical uncertainty.
magnon spectrum of ∆ = ~ωL, where ωL = 2pi × 80
kHz is the Larmor frequency, but this gap is accounted
for completely by considering the system in a rotating
frame; in this frame, the magnons remain gapless[18].
We initialize the interferometer by imprinting a stand-
ing wave of magnons onto the condensate by performing
spatially varying spin rotations of the gas. To do this,
we briefly illuminate the atoms with two equal-frequency
circularly polarized light beams directed nearly perpen-
dicular to the plane of the trapped condensate and that
intersect at the small relative angle ϑ, creating a long
wavelength intensity modulation along the condensate
axis. The optical wavevector kL = 2pi(790.03 nm)
−1 is
chosen so that the scalar ac Stark shift is zero, while the
vector ac Stark shift acts akin to a transverse magnetic
field [19]. The light intensity is modulated temporally at
the Larmor frequency of ωL = 2pi×80 kHz, matching the
resonance condition for a two-photon Raman transfer be-
tween Zeeman states. The varying light intensity causes
the spins to be rotated in spin space by a polar angle
θ(x, y) ∝ I(x, y) ∝ 1 + cos(ky), where the local intensity
of the light I(x, y) has the form of a standing wave with
wavevector k = yˆ 2kL sin(ϑ/2). We assume here that the
intensity of each beam, with 1/e2 radius of 300 µm, is
constant and equal over the area of the condensate.
For weak excitation (|θ|  1), the resulting magnetiza-
tion pattern is described as a ferromagnetic condensate
excited with coherent populations of magnons at three
wavevectors: 0, and ±k. Allowing these populations to
evolve with the magnon energies E(0) and E(k), respec-
tively, the contrast (Fourier power) of the magnon density
modulation at wavevector k after a time τ is proportional
to cos2 [(ω(k)− ω(0))τ ] where ~ω(k) = E(k). This tem-
poral modulation thus measures the magnon dispersion
relation minus the magnon energy gap. As in Ref. 16, by
obtaining our signal from the contrast of the interference
fringes, and not from their phase, we remove errors due
to the residual center-of-mass motion of the condensed
gas in which the magnons evolve.
We detect the magnon density distribution using a new
form of in situ spin-dependent imaging (Fig. 1). In each
of several consecutive images, we first apply a microwave
pulse that resonantly transfers a fraction of atoms from
one of the three Zeeman populations to the F = 2 hy-
perfine level, and then perform absorption imaging with
a short and intense pulse of light that propagates along
z and is resonant with the F = 2 → F ′ = 3 cycling
transition on the D2 line. The imaged atoms are rapidly
expelled from the trap through light-induced forces, with
no measurable impact on the remaining atoms in the
F = 1 hyperfine level. These images give the in-trap
column densities n˜mF (x, y) for each of the Zeeman sub-
3levels, integrated along the imaging axis. For |θ|  1, we
typically employ a microwave pi pulse to image the entire
magnon population, where the magnon column density
is identical to n˜0(x, y).
Fig. 1 shows the spatially modulated magnon density
as imprinted onto the condensate, and the subsequent
temporal variation in the amplitude of that spatial mod-
ulation. From these images, we quantify the evolution
by calculating the power of the spatial Fourier compo-
nent at wavevector k. We determine k by diverting the
magnon-imprinting light onto a CCD camera with cali-
brated pixel sizes. The angle of incidence onto the CCD
matches that onto the plane of the condensate to within
10 mrad.
To gather data more rapidly, we make twenty inter-
ferometric measurements on each ferromagnetic conden-
sate. For each measurement, we create about 2 × 104
magnons, image them after a time τ , expel all remaining
atoms in the |F=1,mF=0,+1〉 states from the trap us-
ing a simultaneous microwave (F=1→ F=2) and optical
(F=2 → F ′=3) pulse for 200 µs, and then wait several
hundred milliseconds to allow the remaining atoms to re-
equilibrate. This method of data collection allows us to
identify and correct for any accidental quadrupolar col-
lective excitation of the ferromagnetic condensate, which
would otherwise shift the contrast modulation frequency.
At several wavevectors, we examined the variation
of the observed contrast-modulation frequency with the
strength of the magnon-imprinting optical pulse, i.e. as a
function of the mF = 0 atom number (NmF=0). We ob-
serve a frequency shift that varies roughly linearly with
atom number, increasing by up to ∼2 Hz for NmF=0 =
6× 104 (1% of the condensate number). This frequency
shift may be due to nonlinear effects on magnon propa-
gation. We adjust for this effect by fitting the observed
variation and extrapolating all data to zero mF = 0 pop-
ulation.
Fitting the measured dispersion relation ω(k) (Fig.
1c) to the power-law form ω(k) = ~kα/2m∗ gives α =
2.04(1)stat, deviating from the expected quadratic depen-
dence on momentum. This deviation could occur because
we are probing at sufficiently large wavevectors that the
quadratic approximation fails or because of an unresolved
systematic error. We find the effective magnon mass
(setting α = 2) to be m∗=1.038(2)stat(8)sys × m. This
mass is significantly larger than the predictions of mean-
field (m∗/m = 1) and of beyond-mean-field calculations
(m∗/m = 1.003) [17] based on s-wave spin-dependent in-
teractions at zero temperature and at the peak density
of our condensates.
Magnetic dipolar interactions play an important role in
our system because they break the rotational symmetry
of spin interactions and open up a density-dependent gap
∆(n) = E(k = 0). In an isotropic trap, Goldstone’s The-
orem predicts that the ferromagnetic state has gapless
excitations because the spin interactions are symmetric.
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FIG. 2. The density-dependent energy shift ∆(n) of uniform
(k=0) magnon excitations is measured by observing the Lar-
mor precession of a ferromagnetic spinor condensate whose
magnetization is tipped uniformly by a variable angle θ from
the direction of an applied (in plane) magnetic field. The
spatially dependent Larmor precession frequency is deduced
from measurements of one component of the transverse mag-
netization after τ = 100 to 300 ms of precession. (a) The
frequency shift varies quadratically in position, with a cur-
vature fxx = d
2f/dx2 (b) that varies with the cosine of the
polar angle (θ). We identify the curvature at θ = 90◦ with
the spatially inhomogeneous magnetic field. (c) A pixel-by-
pixel analysis of the θ-dependent frequency shift (left) shows
a magnon energy gap map with the same geometry as the
in-plane density of the condensate (right). The field of view
is 125 by 265 µm. (d) A comparison of the gap and in-plane
density of each pixel shows the expected linear trend.
However, in our highly anisotropic trap, magnetic dipolar
interactions create a spin-dependent energy that depends
on the orientation of the spins with respect to the trap.
For an infinite two-dimensional weakly dipolar gas with
uniform magnetization that is tipped by the polar angle θ
with respect to an in-plane magnetic field, the magnetic
dipolar field changes the Larmor precession frequency by
ω∆ =
1
~∆(n) cos θ, with ∆(n) =
2
5µ0µ
2n, where µ0 is the
vacuum permeability, µ = gFµB is the atomic magnetic
moment, gF = 1/2, µB is the Bohr magneton, n is the
peak density, and the prefactor accounts for a parabolic
density distribution in the confined direction [20]. Not-
ing that dipolar interactions are effectively short-ranged
in two dimensions, we apply the local-density approxi-
mation and obtain a local value of the density-dependent
magnon gap, using the above expression while replacing
n with the peak density at each imaged position (x, y) in
the gas.
To isolate this density-dependent shift from the effects
4of magnetic-field inhomogeneity, we characterize the spa-
tial variation of the Larmor precession frequency in a
manner similar to that demonstrated in Ref. 21. Af-
ter preparing a longitudinally magnetized condensate,
we apply a spatially uniform radiofrequency pulse that
rotates the magnetization by the polar angle θ. Fol-
lowing τ = 100–300 ms of Larmor precession, we use
our spin-dependent imaging first to determine the Zee-
man populations along the magnetic field direction (to
quantify θ), and then, following a pi/2 rf pulse, to
characterize one transverse component of the precessed
spins. From the transverse spin image, we determine the
spatially dependent Larmor precession phase Φ(x, y) =
(ωB(x, y) + ω∆(x, y))τ which we treat as the sum of two
terms: ωB(x, y) determined by the spatially inhomoge-
neous magnetic field, and ω∆(x, y). The magnetic field
is adequately described by its average value and spatial
gradients, which vary between experimental runs, and
spatial curvature, which is found to be constant between
experimental repetitions. The magnon energy gap is then
determined at each imaged pixel by examining the vari-
ation of ω∆(x, y) with tipping angle θ.
We observe a density-dependent shift in the Larmor
precession frequency (Fig. 2), indicating a magnon gap
of ∆(n) = h×2.5(1)stat(2)sys Hz at the center of the con-
densate. The systematic uncertainty is dominated by an
uncertainty in the atomic density in our slightly anhar-
monic trapping potential. The measured value is consis-
tent with our estimate of 25µ0µ
2n0 = h× 2.35 Hz, where
we assume a harmonically trapped sample and calculate
n0 from the measured trap frequencies and total atom
number.
This observed gap suggests an explanation for the un-
usually large value of m∗. The dispersion relation mea-
surements are taken at low momentum, where the wave-
length of 9–22 µm is larger than the vertical Thomas-
Fermi radius of the condensate RTF = 1.7 µm and the
dipolar healing length ~/
√
µ0µ2mn ≈ 4 µm. At higher
momentum, we would expect the dispersion relation to
connect to that of a uniform three-dimensional spinor
gas. Understanding the crossover in the magnon spec-
trum from (effectively) two- to three-dimensions merits
theoretical work.
Finally, we discuss our measurement of the magnon
magnetic moment. Neglecting interactions, a single
magnon excitation, generated by infinitesimal rotation of
a fully magnetized gas in the |F=1,mF=−1〉 hyperfine
state, is simply a single atom in the state |F=1,mF=0〉.
This atom’s magnetic moment has a zero-valued projec-
tion along the axis defined by the ferromagnetic order
parameter. However, measured against the “magnon vac-
uum” (the ferromagnet), the magnon magnetic moment
µ∗ is non-zero and, in the non-interacting limit, equal in
magnitude to the atomic magnetic moment µ = gFµB .
To measure µ∗, we prepare a fully magnetized con-
densate in the presence of a magnetic field gradient of
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FIG. 3. Magnon magnetic moment. (a) Magnons are created
as a small wavepacket (blue) within the larger condensate
(gray). A magnetic field gradient accelerates the magnons,
here to the lower-left. The field gradient is independently
measured with a Ramsey sequence to a third hyperfine state.
The region of interest box is 52 by 80 µm. (b) Fits of position
with time for three values of the magnetic field gradient. The
measurement noise is heteroscedastic in time due to random
center-of-mass motion of the condensate. (c) The measured
acceleration versus gradient (dashed red line) yields a mag-
netic moment consistent with the free-atom result (solid black
line).
strength B′, which displaces the equilibrium position of
the condensate within the optical dipole trap. We then
create a spatially localized magnon pulse, comprised of
about 5000 magnons, again using amplitude-modulated
light with wavevector kL, but modifying the optical setup
so that a single light beam is focused to a small (12µm
radius) spot. Magnons created in the displaced con-
densate experience a chemical potential gradient, which
leads to a differential force µ∗B′ between magnons and
the ferromagnet in which they are excited. As expected,
we observe that the magnon accelerates uniformly while
the condensate remains still. From measurements of the
magnon position versus elapsed time (Fig. 3) we deter-
mine the magnon acceleration, and, therefrom, the ratio
µ∗/m∗. We independently determine B′ with a magne-
tometer sequence similar to the one used to determine
the gap [22].
The ratio µ∗/m∗ = −1.04(2)stat(8) gFµB/m is consis-
tent with the mean-field prediction, where the mass m∗
is determined from magnon contrast interferometry. The
8% systematic error, dominated by the uncertainty in the
imaging magnification, lacks the resolution to confirm the
heavy magnon mass observed above.
We have demonstrated a toolkit to create coherent
5magnons and measure their basic properties in an ultra-
cold Bose gas. While the measured magnetic moment
and many-body gap are close to the mean-field theo-
retical expectations, we find that the magnon mass is
substantially heavier. The accuracy of the measurement
provides a challenge to theoretical calculations. More-
over, the techniques demonstrated here can be applied
to other intriguing ultracold systems, including the non-
ferromagnetic spinor gases and dipolar gases.
We thank M. Solarz for help designing and building
the cold atom setup and J. Guzman and G. B. Jo for
help implementing a spinor gas experiment. This work
was supported by DTRA (Contract No. HDTRA1-09-1-
0020) and by the Army Research Office with funding from
the DARPA Optical Lattice Emulator program. G.E.M.
acknowledges support from the Hertz Foundation.
∗ emarti@berkeley.edu
[1] J. Guzman, G.-B. Jo, A. N. Wenz, K. W. Murch, C. K.
Thomas, and D. M. Stamper-Kurn, Phys. Rev. A 84,
063625 (2011).
[2] D. Greif, T. Uehlinger, G. Jotzu, L. Tarru-
ell, and T. Esslinger, Science 340, 1307 (2013),
http://www.sciencemag.org/content/340/6138/1307.full.pdf.
[3] R. Islam, C. Senko, W. C. Campbell, S. Koren-
blit, J. Smith, A. Lee, E. E. Edwards, C.-C. J. Wang,
J. K. Freericks, and C. Monroe, Science 340, 583 (2013),
http://www.sciencemag.org/content/340/6132/583.full.pdf.
[4] D. M. Stamper Kurn and M. Ueda, Rev. Mod. Phys. 85,
1191 (2013).
[5] A. V. Gorshkov, M. Hermele, V. Gurarie, C. Xu, P. S.
Julienne, J. Ye, P. Zoller, E. Demler, M. D. Lukin, and
A. M. Rey, Nat Phys 6, 289 (2010).
[6] X. Zhang, M. Bishof, S. L. Bromley, C. V. Kraus, M. S.
Safronova, P. Zoller, A. M. Rey, and J. Ye, arXiv (2014),
1403.2964.
[7] F. Scazza, C. Hofrichter, M. Hfer, P. C. De Groot,
I. Bloch, and S. Flling, arXiv (2014), 1403.4761.
[8] A. Micheli, G. K. Brennen, and P. Zoller, Nat Phys 2,
341 (2006).
[9] L. E. Sadler, J. M. Higbie, S. R. Leslie, M. Vengalattore,
and D. M. Stamper Kurn, Nature 443, 312 (2006).
[10] M.-S. Chang, Q. Qin, W. Zhang, L. You, and M. S.
Chapman, Nat Phys 1, 111 (2005).
[11] Y. Liu, S. Jung, S. E. Maxwell, L. D. Turner, E. Tiesinga,
and P. D. Lett, Phys. Rev. Lett. 102, 125301 (2009).
[12] T. Fukuhara, P. Schausz, M. Endres, S. Hild, M. Che-
neau, I. Bloch, and C. Gross, Nature 502, 76 (2013).
[13] T.-L. Ho, Phys. Rev. Lett. 81, 742 (1998).
[14] Tetsuo Ohmi and Kazushige Machida, Journal of the
Physical Society of Japan 67, 1822 (1998).
[15] H. Watanabe and H. Murayama, Phys. Rev. Lett. 108,
251602 (2012).
[16] S. Gupta, K. Dieckmann, Z. Hadzibabic, and D. E.
Pritchard, Phys. Rev. Lett. 89, 140401 (2002).
[17] Nguyen Thanh Phuc, Yuki Kawaguchi, and Masahito
Ueda, Annals of Physics 328, 158 (2013).
[18] H. Watanabe, T. Brauner, and H. Murayama, Phys.
Rev. Lett. 111, 021601 (2013).
[19] C. Cohen Tannoudji and J. Dupont Roc, Phys. Rev. A
5, 968 (1972).
[20] Y. Kawaguchi, H. Saito, and M. Ueda, Phys. Rev. Lett.
98, 110406 (2007).
[21] M. Vengalattore, J. M. Higbie, S. R. Leslie, J. Guzman,
L. E. Sadler, and D. M. Stamper-Kurn, Physical Review
Letters 98, 200801 (2007).
[22] A Ramsey microwave pulse sequence interferes atoms in
a superposition of |F=1,mF=−1〉 and |F=2,mF=−1〉
hyperfine states. After a time τ , the F = 2 atomic density
is spatially modulated at the wavevector k = ∆µB′τ/~
where ∆µ is the difference in the magnetic moments of
the two atomic states, which we assume to have the bare
atomic values.
